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mice induced severe disease within 3 wk, although transfer of the same subsets into RAG1 Ϫ/Ϫ mice does not induce colitis. This suggests that the presence of A 2AAR on recipient cells is also important for controlling colitis. To investigate the role of A 2AAR in myeloid cells, chimeric recipients were generated by injection of bone marrow from RAG1 Ϫ/Ϫ or RAG1 Ϫ/Ϫ /A2AAR Ϫ/Ϫ mice into irradiated RAG1 Ϫ/Ϫ mice. After adoptive transfer, these recipients did not develop colitis, regardless of A 2AAR expression by the donor. Together, our results suggest that the control of inflammation in vivo is dependent on A 2AAR signaling through multiple cell types that collaborate in the regulation of colitis by responding to extracellular adenosine.
colitis; adenosine; A 2A adenosine receptor; adoptive transfer; regulatory T cells THE NUCLEOSIDE ADENOSINE accumulates in areas of hypoxia or inflammation and can stimulate responses in a number of cell types through ligation of one of four G protein-coupled receptors: A 1 adenosine receptor (A 1 AR), A 2A AR, A 2B AR, and A 3 AR. The downstream effects of these receptors vary on the basis of the cell type and the different G protein subunits involved (12, 17) .
Adenosine has been shown to be a significant immune modulator, and adenosine receptors are expressed on a number of cells involved in inflammation, including lymphocytes, myeloid cells, and endothelial cells (25) . One of the primary effects of adenosine on these cells is the generation of an anti-inflammatory response. A major receptor that mediates these responses is A 2A AR. Recent studies have focused on the role of A 2A AR in controlling or suppressing inflammation in models of disease. A 2A AR is the predominant receptor on CD4 ϩ helper T (Th) cells and has been examined for its roles in controlling cytokine production, particularly IFN-␥, IL-2, and TNF-␣ (2, 13, 24, 26, 28) . Stimulation of A 2A AR also suppresses proinflammatory responses, including adhesion, extravasation, and activation of neutrophils and other granulocytes, in myeloid cells (18) . While A 2A AR Ϫ/Ϫ mice appear healthy, they manifest a more inflamed phenotype in response to provocative stimuli (2, 28) .
The traditional CD45RB transfer model of colitis focuses on the role of Th cells in the development of colitis. It is becoming evident, however, that other cell lineages [i.e., neutrophils, dendritic cells, and innate lymphoid cells (ILCs)] play an important role in the development of this multifactorial disease (8, 9) . When immunodeficient recipient mice received CD45RB HI Th cells along with oral A 2A AR agonist treatment, the agonist appeared to attenuate inflammation and proinflammatory cytokine production compared with vehicle controls (26) . A 2A AR agonists have also been shown to ameliorate ileitis in a mouse model of spontaneous ileitis (27) . The decrease in disease severity induced by A 2A AR agonists in both models could be due to stimulation of A 2A AR on T cells, myeloid cells, or cells of multiple nonlymphoid and stromal tissues.
To further examine the role of A 2A AR in the regulation of T cell-mediated colitis, we assessed disease in A 2A AR Ϫ/Ϫ mice that were or were not exposed to a microbial stress. Furthermore, to dissect which cell types were targets of adenosine, we compared the role of A 2A AR in the control of T cell-mediated colitis in recombination-activating gene-deficient (RAG1 Ϫ/Ϫ ) mice, as well as in RAG1
Ϫ/Ϫ /A 2A AR Ϫ/Ϫ (double-knockout) mice. The results suggest that control of colitis requires signaling through A 2A AR expressed by lymphoid and nonlymphoid cells.
MATERIALS AND METHODS

Mice. C57BL/6 and RAG1
Ϫ/Ϫ mice were purchased from Jackson Laboratory. Adora2a-deficient (A 2AAR Ϫ/Ϫ ) mice were inbred onto the C57BL/6 background (by J. Linden). RAG1
Ϫ/Ϫ /A2AAR Ϫ/Ϫ mice inbred onto a C57BL/6 background were generated in the authors' laboratory [forward primer, common for wild-type (WT) or A 2AAR Ϫ/Ϫ : GGGCTCCTCGGTGTACAT; reverse primer for A2AAR Ϫ/Ϫ : CCCACAGATCTAGCCTTA; reverse primer for WT: TGTCACGTCCTGCACGAC]. All mice were maintained in conventional housing at the University of Virginia or the University of California, San Diego, using procedures approved by the respective Institutional Animal Care and Use Committee.
Inoculation with Helicobacter hepaticus. H. hepaticus was cultured in Brucella broth layered over blood agar (5% sheep blood) in a microaerophilic (90% N 2-5% CO2-5% O2) chamber. Female A 2AAR Ϫ/Ϫ mice at 5-10 wk of age were fasted overnight before being inoculated with 1 ϫ 10 8 colony-forming units of H. hepaticus and monitored for signs of disease. Once signs of disease were noticed, mice were euthanized, and colons were removed and fixed in Bouin's fixative overnight, transferred to 70% ethanol, and processed for histology. Paraffin-embedded sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin. Sections were evaluated for histological damage following a scoring protocol wherein tissue thickness, polymorphonuclear (PMN) and mononuclear cell infiltration, epithelial damage, and infiltration of the submucosa and muscularis were examined. CD4 ϩ T cell isolation and fluorescein-activated cell sorting. Mice were euthanized and spleens were extracted, disrupted into a singlecell suspension using frosted glass slides, and filtered through a 70-m cell strainer. The resulting suspension was enriched for CD4 ϩ cells using microbeads (L3T4, Miltenyi Biotec). Enriched cells were incubated with anti-CD16/32 (Fc Block) for 10 min prior to incubation with fluorescently conjugated anti-mouse monoclonal antibodies for 30 min. After two washes, cells were fixed and permeabilized using the FoxP3 staining buffer set (eBioscience, San Diego, CA) and incubated with anti-FoxP3 for 30 min. Cells were washed and assayed on a Cyan ADP 9 color analyzer (Beckman Coulter, Fullerton, CA). Antibodies used in this study were anti-CD4-peridinin chlorophyll protein complex (PerCP) or anti-CD4-FITC (RM4-5), anti-CD45RB-allophycocyanin (APC)/Cy7 or anti-CD45RB-phycoerythrin (PE) (C363-16A), anti-CD25-PE/Cy7 (PC61.5), anti-FoxP3-AF647 (FJK16s), anti-FR4-FITC (eBio12A5), anti-GITR-FITC (DTA-1), anti-CD39-PE (24DMS1), and anti-CD73-eFluor450 (TY2.3). Results were analyzed using FloJo software (TreeStar, Ashland, OR).
Adoptive transfers. To evaluate which cells expressing A2AAR regulate inflammation in the gastrointestinal tract, we employed the CD45RB transfer model of colitis (29, 36) . Splenocytes from C57BL/6 mice were enriched using CD4 ϩ microbeads (L3T4, Miltenyi Biotec) and sorted into subsets on the basis of expression of CD4 ϩ and CD45RB. CD45RB HI (5 ϫ 10 5 cells) and CD45RB LO (1 ϫ 10 5 cells) Th cells from C57BL/6 mice were injected intraperitoneally into RAG1 Ϫ/Ϫ or RAG1 Ϫ/Ϫ /A2AAR Ϫ/Ϫ recipients. Mice were weighed and monitored weekly for signs of disease. After mice showed evidence of colitis (e.g., wasting and soft stools), they were euthanized, colons were removed, and a 50-to 75-mg piece of the midcolon was collected for cytokine analysis by ELISA. The remainder of the colon was fixed in Bouin's fixative, and hematoxylin-eosin-stained sections were evaluated for histological damage following a scoring protocol wherein tissue thickness, PMN and mononuclear cell infiltration, epithelial damage, and infiltration of the submucosa and muscularis were examined.
Immunohistochemistry. Similar 3-m colonic sections were stained with a polyclonal anti-myeloperoxidase (MPO) antibody (Novus Biologicals, Littleton, CO), and tissue-bound peroxidase activity was visualized with 3,3=-diaminobenzidine. Hematoxylin was used for nuclear counterstaining. The number of MPO ϩ cells was counted in 10 different fields at an original magnification of ϫ400 and expressed per field.
ELISA. A 50-to 75-mg piece of the midcolon was removed and homogenized in PBS containing protease inhibitor. The resulting suspension was centrifuged for 20 min at 10,000 g at 4°C. Supernatants were collected and assayed by ELISA for IFN-␥, IL-10, TNF-␣ (BD Biosciences), and IL-17A (eBioscience). Cytokine levels were calculated on the basis of a standard curve and normalized to protein concentration.
Bone marrow chimeras. Female RAG1 Ϫ/Ϫ mice were irradiated with 600 rad (6 Gy) twice at an interval of 4 h. Immediately following the second dose of radiation, 7 ϫ 10 6 bone marrow cells obtained from the femurs of RAG1 Ϫ/Ϫ or RAG1 Ϫ/Ϫ /A2AAR Ϫ/Ϫ female mice were injected intravenously into the tail vein of the irradiated mice. Mice were allowed to recover until at least two consecutive blood samples [analyzed using a Hemavet analyzer (Drew Scientific, Waterbury, CT)] revealed reconstitution of myeloid cells and body weight returned to 100% of preirradiation values (9 -10 wk). At that time, reconstituted mice received an adoptive transfer of WT CD45RB HI and CD45RB LO Th cells intraperitoneally and were monitored as described above. All reconstituted mice were kept on water containing 0.24 mg/ml trimethoprim and 1.2 mg/ml sulfamethoxazole beginning 5 days prior to irradiation and continuing until 5 days prior to adoptive transfer.
Statistical analysis. Values are means Ϯ SE. Data were compared by ANOVA followed by Tukey's post hoc comparison (if ANOVA was significant) or Student's t-test (unpaired) unless normality tests demonstrated a need for nonparametric tests, in which case a KruskalWallis test was performed. Results were considered significant if P Յ 0.05.
RESULTS
H. hepaticus induces colitis in A 2A AR
Ϫ/Ϫ mice. Female A 2A AR Ϫ/Ϫ mice were inoculated with H. hepaticus and monitored weekly for signs of colonic inflammation (soft stools, blood in stools, and rectal prolapse). After 33 wk, mice were euthanized and colons were removed and processed for histology. All A 2A AR Ϫ/Ϫ mice given a control gavage of PBS had normal colonic histology with healthy epithelium and no signs of pathological immune infiltration (Fig. 1A) . Of the 12 A 2A AR Ϫ/Ϫ mice inoculated with H. hepaticus, 3 developed rectal prolapse and moderate-to-severe colitis (Fig. 1B) , suggesting an increase in the sensitivity of these mice to luminal provocation. Histological scores indicated a significant increase in the inflammation in the H. hepaticus-inoculated mice that included infiltration with PMN cells (Fig. 1C) . The importance of the bacterial stimulus is appreciated in view of the fact that rectal prolapse and colitis have never been observed in A 2A AR Ϫ/Ϫ mice maintained in our facilities over the last 8 years.
Changes in T cell subsets in A 2A AR Ϫ/Ϫ mice. In view of the development of colitis after H. hepaticus administration in the A 2A AR Ϫ/Ϫ mice, we hypothesized that A 2A AR Ϫ/Ϫ mice have fewer regulatory T (Treg) cells and, thus, less control over inflammation, than their WT counterparts. Therefore, we used flow cytometry to look for differences in the expression of Treg markers on noninfected T cells from WT and A 2A AR Ϫ/Ϫ mice. Splenic CD4
ϩ Th cells were analyzed for seven surface markers (CD4, CD45RB, CD25, CD73, CD39, FR4, and GITR) and intracellular FoxP3 using simultaneous, 10-parameter flow cytometry. A 2A AR Ϫ/Ϫ mice had a higher percentage of CD4 ϩ
CD25
ϩ splenocytes than WT mice, which could be indicative of an increase in activated Th and/or Treg cells ( Fig. 2A) Ϫ/Ϫ /A 2A AR Ϫ/Ϫ mice, including significant thickening, large infiltrates of PMN and mononuclear cells, significant damage to the epithelium, edema, and immune infiltration of the submucosa and muscularis (Fig. 3, E, F, and H) . Neutrophil infiltration was significant, as evidenced by the dramatic increase in MPO ϩ cells in the tissue (Fig. 3, M-O) .
RAG1
Ϫ/Ϫ mice did not develop significant colitis at this early time point and, therefore, had low histological damage scores and little infiltration of MPO ϩ cells, although the RAG1
group that received CD45RB HI cells alone was beginning to show signs of immune infiltration (Fig. 3, B 
, H, J, and O).
RAG1
Ϫ/Ϫ and RAG1 Ϫ/Ϫ /A 2A AR Ϫ/Ϫ mice that did not receive an adoptive transfer of Th cells did not develop significant intestinal inflammation (Fig. 3, A, D 
, H, I, L, and O). Proinflammatory cytokines are expressed in association with the rapid onset of disease in RAG1
Ϫ/Ϫ /A 2A AR Ϫ/Ϫ mice. The expression of key proinflammatory (IFN-␥, IL-17A, and TNF-␣) and anti-inflammatory (IL-10) cytokines was measured in the colonic tissue. IFN-␥ levels did not differ significantly between the groups (Fig. 4A ). TNF and IL-17A were increased before the onset of disease in RAG1 Ϫ/Ϫ mice that received CD45RB
HI cells and decreased when disease was severe (Fig. 4, B and C) . Among the groups that received CD45RB HI cells, IL-10 levels were highest in RAG1 Ϫ/Ϫ mice before the onset of colitis, suggesting an attempt to control the development of disease (Fig. 4D) . As with the proinflammatory cytokines, these levels dropped before the onset of severe colitis. The only difference between RAG1 Ϫ/Ϫ /A 2A AR Ϫ/Ϫ recipient mice and their RAG1 Ϫ/Ϫ counterparts receiving the same cell types was an increase in the production of IL-10 in RAG1 Ϫ/Ϫ /A 2A AR Ϫ/Ϫ mice at the onset of disease after transfer of both CD45RB HI and CD45RB LO cells (Fig. 4D) . This is interesting, as it suggests that at least some immunosuppressive function is maintained in these mice after cotransfer with the Treg-containing CD45RB LO cells, even after the development of severe colitis. To validate the assessment of the cytokines in the colon, mesenteric lymph node cells from each cohort were 
Ϫ/Ϫ recipients. Thus, in the RAG1 
DISCUSSION
Inflammatory bowel disease is believed to reflect an excessive host response to luminal bacteria. The abnormalities in immune regulation have been modeled using the CD45RB adoptive transfer model of colitis to probe which cells that express A 2A AR contribute to the control of colitis (26) . The expression of genes in transferred T cells and the inflamed tissue in this model have been reported to more closely resemble changes in human disease than other approaches such as the dextran sodium sulfate or trinitrobenzene sulfonic acid model (36) . While the microbial triggers of human disease are not known, H. hepaticus has been used as a microbial provocation that enhances colitis in several animal models in which immune regulation is disrupted (23, 37) . In the current study we have applied these approaches to evaluate the role of adenosine in maintaining immunological homeostasis to H. hepaticus and the role of A 2A AR expressed by nonlymphoid cells in the control of disease. The current study shows that extracellular (H and O) . Data in G were pooled from 2 separate experiments (n ϭ 3 per group). Data in H and O were pooled from 3 separate experiments (n ϭ 2-8 per group, n ϭ 2 for untreated controls). 
/A2AAR
Ϫ/Ϫ mice after adoptive transfer is similar to that in the colon of RAG1 Ϫ/Ϫ recipients. At the time the animals were euthanized, a portion of the colon was collected, processed, and assayed by ELISA for IFN-␥ (A), TNF (B), IL-17A (C), and IL-10 (D).
RAG1
Ϫ/Ϫ /A2AAR Ϫ/Ϫ mice were euthanized at the onset of disease (24-27 days posttransfer). RAG1 Ϫ/Ϫ mice were euthanized at 24-27 days posttransfer (before disease onset in these mice) or at the time of disease onset (56 days posttransfer). Tissue IFN-␥ levels were not significantly different between the 4 groups at 24-27 days posttransfer or at the onset of disease (A). TNF-␣ levels (B) were highest in RAG1 Ϫ/Ϫ mice 24-27 days after adoptive transfer of CD45RB HI cells () but decreased by the time of disease onset in these mice (OE). IL-17A (C) was also higher in RAG1 Ϫ/Ϫ mice 24-27 days after transfer of CD45RB HI cells () than in those that received cotransfer with CD45RB LO at the same time point (}), but levels dropped by disease onset ().
IL-10 (D) was higher in RAG1
Ϫ/Ϫ mice 24-27 days after transfer of CD45RB HI alone () or cotransfer with CD45RB LO (}) but dropped by the onset of colitis (). At disease onset, RAG1
Ϫ/Ϫ /A2AAR Ϫ/Ϫ mice that received CD45RB HI and CD45RB LO cells ({) had significantly greater amounts of tissue IL-10 than RAG1 Ϫ/Ϫ mice that received CD45RB HI and CD45RB LO cells (D, ). *P Յ 0.05; ** P Յ 0.005. Dot plots of cytokine levels for RAG1 Ϫ/Ϫ mice before the onset of disease and RAG1 Ϫ/Ϫ / A2AAR Ϫ/Ϫ mice at the onset of disease (24 -27 days posttransfer) represent pooled data from 3 separate experiments (n ϭ 3-8 per group). Dot plots of cytokine levels at the onset of disease in RAG1 Ϫ/Ϫ mice represent data from 1 experiment (n ϭ 3 per group).
adenosine has an essential role in the control of colitis by targeting A 2A AR on lymphoid and nonlymphoid cells (Fig. 6) .
Colitis caused by H. hepaticus is an interesting model to study the control of immunological homeostasis, as it is known that disease is prevented by Treg cells (23) . Treg cells inhibit host responses through several mechanisms (32, 33) , including the production of IL-10 (23), transforming growth factor-␤1 (4), or IL-35 (10) and cytokine deprivation (30) . In addition, Treg cells express CD39 and CD73, two enzymes that convert ATP to adenosine (1, 7, 11, 20) . Production of adenosine by Treg cells contributes to immune regulation in vitro (7, 11, 20) and controls gastrointestinal inflammation in vivo (1, 2, 16, 26) . Typically, adenosine can act in a paracrine or autocrine fashion to activate A 2A AR and increase intracellular cAMP, possibly leading to the direct transfer of cAMP from Treg to target cells (5, 6) or to cAMP-mediated inhibition of proinflammatory cytokine production (3, 13, 17, 24, 26 LO cells (26) . A 2B AR has also been studied for its role in the development of colitis. A 2B AR is the predominant adenosine receptor on colonic epithelium and is expressed on some immune cell types, including myeloid cells and possibly T cells (14) . The role of A 2B AR in the development of colitis is controversial, however, as some groups demonstrate detrimental effects (19, 21, 22) , while others suggest protective effects (15) (14, 18) . Previous research has shown that A 2A AR agonists suppress inflammatory disease in animal models (2, 26, 27) . The specific target of these agonists could be myeloid or nonimmune cells, as well as lymphocytes. A 2A AR signaling can have significant suppressive effects on neutrophils by inhibiting adhesion, extravasation, activation, cytokine production, and oxidative burst (18) . Furthermore, the function of macrophages and dendritic cells is regulated by A 2A AR (25) , and these cells are prominent in the colitis model. Therefore, we speculated that myeloid cells may also be targets for adenosine, and we created a RAG1 Ϫ/Ϫ /A 2A AR Ϫ/Ϫ mouse for use as a recipient in adoptive transfer experiments. Severe colitis developed rapidly in these animals after transfer of CD45RB HI Th cells alone or with CD45RB LO cells. This is contrary to findings in adoptive transfer experiments using RAG1 Ϫ/Ϫ /A 2B AR Ϫ/Ϫ mice (19) , further supporting the divergent roles of these receptors in the development of colitis. The rapid onset of disease in the RAG1 (18) . This may have dramatic effects on the activation, adhesion, and extravasation of immune cells into the colon. Another possibility is the role of A 2A AR signaling on a radiation-resistant cell type derived from the bone marrow that persisted and was able to control inflammation in these chimeras. ILCs are radiation-resistant (31), and we have found that both ILC1 and ILC3 express A 2A AR (unpublished data). ILCs play a role in the development of inflammatory disease (35) , although it is challenging to enrich them sufficiently to investigate their role directly. No ILC-specific transcription factor has been identified, limiting the potential use of a conditional knockout. Still, the expression of A 2A AR on ILC1 subsets from the spleen and ILC3 subsets from Peyer's patches of the gut suggests an interesting future research direction to elucidate their role in the development of colitis. It is difficult to pinpoint the specific contributions of multiple lineages that express A 2A AR, as the effects of manipulating A 2A AR function may be masked by redundant processes.
In summary, this study provides new insights into the importance of adenosine in the control of inflammation through its effects on myeloid or nonlymphoid cells. The generation of a RAG1 Ϫ/Ϫ /A 2A AR Ϫ/Ϫ mouse as a recipient in adoptive transfer suggests a prominent role for adenosine signaling in these cells in the regulation of colitis. While adenosine is produced by several sources, including Treg cells, this mediator targets a more complex regulatory axis than was previously envisaged. Future studies are needed to evaluate the relative contribution of multiple cell lineages that respond to adenosine in the complex control of immunological homeostasis.
